Block copolymer self-assembly is a promising route to the fabrication of photonic materials in a scalable and cost-effective manner.^[@ref1]−[@ref4]^ Periodic lamellar, cylindrical, bicontinuous, and spherical morphologies are readily accessible for building photonic structures.^[@ref5]−[@ref20]^ However, their use in real applications remains challenging due to the difficulties in achieving coloration in the visible range on a large scale, the slow kinetics of the self-assembly process, and their poor tolerance toward loadings of additives. Many of these problems can be circumvented by using brush block copolymers (BBCPs),^[@ref21]−[@ref30]^ as they exhibit substantially reduced polymer chain entanglements relative to their linear analogues, allowing rapid self-assembly kinetics (\<5 min), large lattice parameters (\>100 nm) on the macroscopic scale, and high loading of functional additives (\>70 wt %).^[@ref31]−[@ref36]^ These advantages come, however, at the cost of mechanical performances; the lack of polymer chain entanglements leads to reduced mechanical strength of such BBCPs relative to their linear analogues.

In the past two decades, BCPs have been used to fabricate nanostructured thermosetting polymer resins and enhance their mechanical properties.^[@ref37]−[@ref40]^ However, no structural color can be observed from these composites, and coloration of polymer resins typically requires toxic dyes, which can raise environmental concerns. In this work, we create colorful polymer resins via directed self-assembly of phenol formaldehyde resin precursors (PF resols) using amphiphilic BBCPs. We demonstrate that the color appearance (in terms of both reflection and scattering properties) can be tuned by changing the molecular weight of the BBCP or the weight ratio of resol and BBCP. The resulting photonic resins after thermal curing exhibit good mechanical properties such as hardness up to 172 MPa and Young's modulus over 2.9 GPa and thus are suitable for applications in large-area coatings.

Results and Discussion {#sec2}
======================

Preparation of Photonic Resins with Controlled Optical Appearance {#sec2.1}
-----------------------------------------------------------------

As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, (polynorbornene-*graft*-poly(*tert*-butyl acrylate))-*block*-(polynorbornene-*graft*-poly(ethylene oxide)) (PtBA-*b*-PEO) BBCPs were selected as the templates for the directed self-assembly of PF resol. The synthesis and characterizations of the BBCPs have been reported in our previous publications,^[@ref33]^ and the molecular weights of the PtBA and PEO brushes are 8.2 and 5.0 kg/mol, respectively. Two representative BBCPs with low and high molecular weights, L-BBCP (2150 kg/mol) and H-BBCP (2760 kg/mol), were selected for the preparation of photonic PF resins with controlled optical appearances. Detailed molecular weight information for the BBCPs is provided in Table S1 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf)). The PF resol was synthesized according to a reported procedure, yielding a low molecular weight sample (*M*~n~ \< 500) that is soluble in tetrahydrofuran (THF).^[@ref41]^ For the preparation of the photonic resins, a BBCP and the PF resol are simply mixed in THF followed by self-assembly and thermal curing. The strong hydrogen-bonding interactions between PF resol and the PEO domain enable the selective incorporation of resol within the hydrophilic domain, forming self-assembled lamellar nanostructures with lattice constant comparable with visible light wavelength. The orientation of such layered structures strongly depends on interactions with interfaces while the grain size depends on dynamics and the competition between nucleation and growth, which are dictated in part by the details of the BBCP and the additives including (i) the molecular weight of the BBCP and (ii) the concentration of PF resol within the composites as well as by the processing conditions.^[@ref42]^ During self-assembly, different nucleation sites for the growth of lamella structures are formed during solvent evaporation, and their orientation is typically random in bulk. However, at the interfaces, anchoring favors the orientation of the lamellar structure parallel to the solution--air or solution--glass interface.^[@ref42]^ As the solvent is gradually removed such that the aggregates become more and more kinetically trapped, the complex drying dynamics (anchoring, gradient of concentration, surface tension, wetting, evaporation front, capillary forces, etc.) plays an important role in the final distribution of the grain size and layer tilting.^[@ref43],[@ref44]^ For instance, we can fabricate structures with a higher degree of long-range order (larger grain sizes and more aligned domains) using the L-BBCP relative to that of the H-BBCP, which is expected to exhibit slower dynamics during the self-assembly process (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![(a) Colorful cross-linked PF resins via the self-assembly of composites containing PtBA-*b*-PEO H-BBCP and PF resol of different concentrations from left to right: 20, 30, and 40 wt %. Thermal curing was performed at 100 °C for 24 h after self-assembly. The photographs were taken on a dark background under sunlight. (b) Control over the self-assembled nanostructures and optical appearances (angle dependent or independent) by using BBCPs with low or high molecular weights. The concentrations of PF resol within the L- and H-BBCP composite samples are 40 and 30 wt %, respectively. Cross-sectional SEM micrographs show the structural difference between well-aligned (anisotropic) and randomly oriented (isotropic) structures.](ma-2017-022888_0001){#fig1}

As the optical response of lamellar structures is intrinsically angular dependent, it becomes clear that a different orientation of the lamellae composing the resins will provide a different scattering response. Therefore, by changing the two main parameters affecting the dynamics of grain growth and alignment, it is possible to design their optical appearance in terms of both directionality and color response, from vivid colored film (iridescent to matt) to white (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b illustrates in more detail how the interplay between isotropy and anisotropy in the distribution of the lamellae orientation affects the visual appearance of the photonic resins.

When the orientation of the lamellar domains is uniform within the resin, the optical response is very similar to a perfect multilayer, and the optical response follows Bragg's law:^[@ref45]^where *n* is the average refractive index, *d* is the lattice constant, and θ is the angle of incident light with the respect normal to the lamellar orientation. Therefore, as the angle of incidence increases the color blue-shift, see the upper row in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. In the case where the distribution of the orientation of the lamellae is random and grain size is small, the appearance of the photonic resin is less angular dependent (see bottom row in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Intuitively, this can be understood by considering that for every observed direction it is possible to find a grain in which the lamellar structure is perpendicular to the incident light; therefore, the predominant color remains similar for all the angles. However, the molecular weight of the BBCP and the amount of PF also affect the lattice spacing *d* of the lamellae and the refractive index *n* (see [Table S2 and Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf)), shifting the reflection peak. We therefore chose the two different BBCPs with differed molecular weights, which are labeled as L-BBCP and H-BBCP.

Optical Properties and Structure Characterization {#sec2.2}
-------------------------------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b shows the optical behavior of the two BBCPs, as the concentration of PF resol increases from 20 to 30 to 40 wt %. All the reflection spectra reported in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} are measured over a large area (105 mm^2^) of the samples using an integrating sphere at an incident angle of 8°, so that all the reflected light at different angles are collected at the same time, independently of the orientation of the lamellae. For both L-BBCP and H-BBCP, we observe that the increase of PF resol leads to gradual red-shift of the reflection maximum. Such spectral behavior can be explained by the swelling of the PEO domain in the presence of the PF resol and the concurrently increased refractive index due to the increased PF resol; for the latter case see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf). However, the red-shift in the case of the H-BBCP is slightly higher than that of the L-BBCP probably because a larger molecular weight accommodates a larger swelling.

![(a, b) Reflection spectra of PF resins containing (a) L-BBCP (*M*~n~ = 2150 kg/mol, PDI = 1.08, *f*~PEO~ = 32.7 vol %) and (b) H-BBCP (*M*~n~ = 2760 kg/mol, PDI = 1.05, *f*~PEO~ = 29.0 vol %), showing a red-shift of the primary peak when increasing the resol concentration. (c--e) Cross-sectional SEM micrographs of composite samples containing different amounts of resol relative to the whole composites: (c) L-BBCP/20 wt % PF, (d) L-BBCP/30 wt % PF, and (e) H-BBCP/40 wt % PF.](ma-2017-022888_0002){#fig2}

By comparing the spectra for the two BBCPs, we notice that the width of the peak becomes larger as the concentration of PF resol is increased and as the molecular weight of the polymer is increased. These phenomena can be best explained as follows: as the BBCP molecular weight or the resol concentration increased, the composite system is more kinetically arrested due to the reduced polymer chain mobility before the system achieved a thermodynamically preferred orientation parallel to the film surface.^[@ref42]−[@ref44]^

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d shows cross-sectional SEM micrographs for the L-BBCP samples in which well-ordered lamellar structures can be clearly identified. As expected, the distribution of the lamellae orientation is not perfectly uniform throughout the depth of the film, and as the PF concentration increases, the orientation of the domains becomes increasingly random. In particular, the lamellae structures oriented parallel to the film surface are observed at interface with the air and substrate, while less aligned layers are present in the center of the film ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf)) due to reduced interfacial effects. The effect is even more drastic in the case of the H-BBCP. For the sample containing 40 wt % of PF resol, the orientation of layered domains is completely random that the appearance of the film in diffused illumination environment becomes white (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). SEM images of the randomly oriented lamellae for the white sample are reported in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf).

To further characterize the scattering properties of the film, we performed an angular resolved optical characterization, the experimental setup and data for H-BBCP samples are reported in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf).^[@ref46],[@ref47]^ In particular, the incident light illuminate the sample with a fixed θ~in~ = 0 (normal to the film surface), while the intensity of the light scattered is acquired at different θ~out~ via detector mounted on a rotating arm. The fact that some light is observed at angle different from θ~out~ = 0 confirmed the presence of tilted domains, i.e., domains whose normal differs from the normal to the sample surface. In fact, each angular point in the color maps in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--f results from the specular reflection from a tilted lamellar grain. Moreover, the scattered intensity increases with a decrease of the detection angle, indicating qualitatively that most of the domains have only a small tilting angle relative to the surface normal. In the case where the disorder is not very strong the wavelength of the main reflection peak follows the Fergason's equation:^[@ref48],[@ref49]^where θ~in~ and θ~out~ are the incident and detection angles, respectively.

![Angular distribution of scattered light from L-BBCP samples, taken with fixed normal incidence. The samples contains different amounts of resol used for sample preparation: (a, d) 20, (b, e) 30, and (c, f) 40 wt %, respectively. (a--c) False-color plots of scattered light intensities. The white curves represent the best fit of the experimental data using Fergason's equation. The data region between −8° and 8° is left blank due to mechanical limits of the experimental setup. (d--f) Line plots of scattered intensities at three different angles corresponding to the false-color plots (a--c), respectively.](ma-2017-022888_0003){#fig3}

For the L-BBCP samples, [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} fits the experimental data nicely as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf). Therefore, we conclude that the periodicity of the lamellae is constant within the film. The theoretical fit also indicates that the periodicity of the lamellar structure increases with the increased resol loading. In particular, the sample with 40 wt % of PF resol shows a domain spacing of approximately 185 nm, which is 20 nm larger than the one extrapolated for the sample with 20 wt % of the cross-linker. The larger lattice spacing and the increased refractive index (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf)) lead to a red-shift of reflection maximum of almost 120 nm, which consequently results in the different macroscopic coloration of the samples. The loading concentration of PF resol not only influences the periodicity of the lamellar structure but also affects the peak shape as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f. Broader peaks were observed in the reflection spectra for samples with higher PF concentrations. This effect is more evident for H-BBCP samples ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf)), suggesting an increased degree of randomly tilted lamellar grains and the distribution of domain spacing---the latter due to the fact that the solvent evaporation after the point of kinetic arrest leads to a quasi-unidirectional compression of the lamellae along the vertical axis.

Mechanical Properties of the Photonic Resins {#sec2.3}
--------------------------------------------

The mechanical properties of these photonic resin films were characterized by nanoindentation test (see [Experimental Section](#sec4){ref-type="other"}), and 30 indentations were conducted by using three-side pyramidal Berkovich diamond indenter of 100 nm tip radius on each sample. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows a typical load/unload--displacement curve from which both hardness and elastic modulus can be directly obtained or calculated. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the mechanical strength of the film (L-BBCP) containing 40 wt % of PF resol was greatly enhanced via thermal curing, as indicated by the significantly increased hardness (26.7 vs 172 MPa) and elastic modulus (0.528 vs 2.91 GPa). The modulus achieved is comparable to those of widely used polymer materials, such as polypropylene (PP) and poly(ethylene terephthalate) (PET). For the sample based on H-BBCP containing the same concentration of PF resol, the modulus (1.69 GPa) is evidently lower than that of the L-BBCP sample. This may be best explained by their structural difference. A disordered structure in the H-BBCP sample affords for more mechanical contributions in the *Z* direction from the soft PtBA domains relative to that from a well-aligned lamellar structures ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) observed for the L-BBCP sample film. The mechanical strength of the PEO/resin domain was evaluated by using PEO homopolymer composites containing the corresponding amount of PF resol. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the modulus of BBCP samples is lower than that of the PEO homopolymer composite sample due to the presence of the soft PtBA domains in the BCP samples. As expected, the cross-linked PF resin film shows the highest elastic modulus based on the nanoindentation test.

![(a) Load/unload--displacement curve of a nanoindentation test on a cured photonic resin film using a three-side pyramidal Berkovich diamond indenter. (b) Hardness and elastic modulus of different BBCP composite samples containing 40 wt % PF resin before and after thermal curring, i.e., L-BBCP/resol and L-BBCP/resin represent samples before and after thermal curing, respectively. The PEO/resin blend contains approximately 70 wt % PF resol, corresponding to about 40 wt % of PF resol within the BBCP composites.](ma-2017-022888_0004){#fig4}

Conclusions {#sec3}
===========

In summary, we have demonstrated an effective strategy for fabricating thermosetting photonic resins via BCP self-assembly. Without pigments, these polymer resin films exhibit vivid colors by forming lamellar structures that are large enough to reflect visible light. The optical appearances, in terms of reflection and scattering, can be tuned via the control of the self-assembly kinetics. The obtained polymer resins after thermal curing show excellent mechanical properties that are comparable to those of widely used polymer materials. Therefore, the photonic resins are promising for use in many applications such as decoration coatings, photonic papers, optical filters, and security labeling. The composite materials are simply prepared in solutions that can be further processed by roll-to-roll or inject printing techniques, offering new opportunities for scalable fabrication of cost-effective photonic materials.

Experimental Section {#sec4}
====================

Preparation of BBCP Composite Samples {#sec4.1}
-------------------------------------

Appropriate amounts of brush block copolymers were weighed and dissolved in tetrahydrofuran (THF) followed by adding PF resol solutions in the same solvent to form about 4.0% (w/v) stock solutions. The THF solutions were cast through 0.45 μm PTFE filters onto horizontal glass substrates which were covered immediately with glass Petri dishes, and the dried films after evaporation at room temperature for about 4 h were put under vacuum at 100 °C for about 24 h to completely remove a trace amount of residual solvent and to make cross-linked photonic resin. We note that the evaporation of THF solutions was carried out under a nitrogen atmosphere to control humidity below 20%.

Preparation of PEO/Resin Homopolymer Blends {#sec4.2}
-------------------------------------------

PEO (2 kg/mol) from Sigma was blended with the PF resol in THF at different loading concentrations. The concentration of the resulting solution was around 10 mg/mL. Thin films on silicon substrate for variable angle spectroscopic ellipsometry (VASE) measurements were prepared by spin-coating at 3000 rpm, affording film thicknesses ranging from 73 to 83 nm. The thin films were subsequently thermally cured at 100 °C for 24 h before VASE measurements.

Characterization {#sec4.3}
----------------

### Field Emission Scanning Electron Microscopy (FESEM) {#sec4.3.1}

FESEM measurements were carried out on a FEI Magellan 400 FESEM. The composites samples on glass substrates were fractured at room temperature to afford the cross sections for SEM. A thin layer of platinum of approximately 1 nm was coated on the samples before SEM characterizations using a sputtering coater.

### Reflection Measurements {#sec4.3.2}

These measurements of the samples were performed on a PerkinElmer LAMBDA 1050 UV/vis/NIR spectrometer, equipped with a 150 mm integrating sphere diffuse reflectance accessory. All measurements were referenced to a Spectralon reflectance standard with a 99% reflection. The light beam size was 7 mm in width and 15 mm in length.

### Variable Angle Spectroscopic Ellipsometry (VASE) {#sec4.3.3}

VASE measurements were performed on a J.A. Woollam RC2-DI ellipsometry with variable angles at 55°, 60°, 65°, and 70°. The refractive index was obtained by using a Cauchy model for data fitting.

### Angular Distribution of Scattered/Transmitted Light {#sec4.3.4}

The angular distribution was determined using a goniometer setup. The samples were illuminated using a xenon lamp Ocean Optics HPX-2000 coupled into an optical fiber (Thorlabs FC-UV100-2-SR). The illumination angle was fixed at normal incidence, and the angular distribution of intensity was acquired moving the detector arm with a resolution of 1°. The detector was moved over an interval of 180° around the normal incidence direction. The detector used for this setup was a 600 μm core fiber (Thorlabs FC-UV600-2-SR) connected to a spectrometer (Avantes HS2048). The spectra were acquired with an integrating time of 0.1 s and averaged over 10 acquisitions. The experimental data were normalized against a standard white diffuser (Labsphere SRS-99-010).

### Hysitron Nanoindenter {#sec4.3.5}

The nanoindenter was used to measure hardness and reduced modulus (*E*~r~). All the measurements were done as rate control (10 μN/s); 30 indentations were conducted by using three-side pyramidal Berkovich diamond indenter of 100 nm tip radius on each sample. Indentation contact depth was kept less than 10% of the film thickness in order to prevent substrate effect and higher than 40 nm to have meaningful results. Each nanoindentation test was conducted 20 μm separate from each other at a new location to avoid possible interferences. We followed the Oliver and Pharr method to determine hardness and modulus. The elastic modulus or Young's modulus was calculated according to [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}:^[@ref50]^where *E* and ν are Young's modulus and Poisson's ratio for the specimen and *E*~*i*~ and ν~*i*~ are the same parameters for the diamond indenter. The elastic modulus of the Berkovich indenter tip (1140 GPa) is orders of magnitude larger than the elastic modulus of the sample, and the second term in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} is negligible. Therefore, [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} can be simplified as the expression *E* = *E*~r~(1 -- *v*^2^), where the Poisson's ratio of polymer materials is approximately 0.3.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.7b02288](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b02288).Information table for the polymers, VASE data, SEM images, and angular distribution of scattered light ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02288/suppl_file/ma7b02288_si_001.pdf))
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